Frameshift mutant trpA21 was isolated after ultraviolet treatment and frameshift mutant trpA540 after ICR191-A (an acridine derivative) treatment of wild-type Escherichia coli K-12. The A proteins of spontaneous and ICR191-A-induced partial revertants of these mutants contained altered amino acid sequences one residue shorter than the comparable sequence in the A protein of wild-type bacteria. The data support the conclusion that ICR191-A causes frameshift mutations. The findings further indicate that both base additions and deletions are elicited by ICR191-A treatment and that mutagenesis by this compound sometimes affects more than one base pair. ICRl91-A also weakly reverts some missense mutants. Analyses of the relevant peptides of the purified A protein show single amino acid replacements compatible with single base-pair changes. In addition, we found that some spontaneously revertible ICRI91-A-and ultraviolet light-induced frameshift mutants are not further stimulated to revert by exposure to ultraviolet light.
Frameshift mutant trpA21 was isolated after ultraviolet treatment and frameshift mutant trpA540 after ICR191-A (an acridine derivative) treatment of wild-type Escherichia coli K-12. The A proteins of spontaneous and ICR191-A-induced partial revertants of these mutants contained altered amino acid sequences one residue shorter than the comparable sequence in the A protein of wild-type bacteria. The data support the conclusion that ICR191-A causes frameshift mutations. The findings further indicate that both base additions and deletions are elicited by ICR191-A treatment and that mutagenesis by this compound sometimes affects more than one base pair. ICRl91-A also weakly reverts some missense mutants. Analyses of the relevant peptides of the purified A protein show single amino acid replacements compatible with single base-pair changes. In addition, we found that some spontaneously revertible ICRI91-A-and ultraviolet light-induced frameshift mutants are not further stimulated to revert by exposure to ultraviolet light.
The monofunctional nitrogen-mustard derivative of acridine, ICR191-A, reverts a large percentage of presumed frameshift mutants of various genes of the histidine operon of Salmonella typhimurium (1, 8, 10) . We here report the results of mutagenesis studies with ICR191-A performed with mutants altered in the A gene (tryptophan synthetase) of the tryptophan operon of Escherichia coli. Primary structure changes were determined in the A proteins of spontaneous and ICRl91-A-induced revertants of several frameshift mutants. The results obtained support the conclusion that ICRI91-A causes frameshifts by leading to the addition or deletion of one or more nucleotides.
MATERIAS AND METHODS
ICR191-A [3-chloro-7-methoxy-9-(3-[chloroethyl]-amino propylamino)-acridine dihydrochloride] was generously provided by H. J. Creech. ICR191-Ainduced frameshift mutants were produced by inoculating 101 cells of an overnight culture of E. coli W3110 into 1 ml of glucose-salts liquid minimal medium supplemented with 20 ,ug (per ml) of L-tryptophan and 6 ,ug (per ml) of ICRl91-A. The cultures were incubated for 48 hr at 37 C, diluted, and plated on minimal salts-agar supplemented with 20 ,ug (per ml) of L-tryptophan. Tryptophan auxotrophs were detected by replication to minimal agar plates lacking tryptophan. The method for spot-checking the reversion of tryptophan auxotrophs with ICR191-A has been previously described (3) .
The procedure for the isolation of the A proteins from the various strains was previously described (6) . The relevant peptide fragments were obtained either by elution from two-dimensional peptide maps (5) or by column chromatography on Dowex 1-X2 resin (4). Table 1 shows the reversion patterns of a group of trpA CRM-(cross-reacting material) mutants after treatment with a variety of chemical mutagens. Most of the mutants were isolated after ultraviolet (UV) mutagenesis and penicillin selection; one was isolated after exposure of a wildtype bacterial population to ICR191-A. The spontaneous reversion frequencies of these and other frameshift mutants were nearly the same as the frequencies observed for most A gene missense and nonsense mutants. Two of the mutant strains listed, trpA21 and trpA540, reverted strongly with ICR191-A but did not respond to the other chemical mutagens. These were selected Table 3 shows the amino acid composition of peptide TP3-C1 (residues 203 to 211) and peptide TP3-C2 (residues 212 to 220) from trpA21 ICRPR3 and the wild type. As expected, peptide TP3-C1 is identical in both strains, whereas peptide TP3-C2 from trpA21 ICRPR3 has lost serine and alanine residues and gained a single cysteic acid residue.
RESULTS
Amino acid analyses of acid-hydrolyzed peptides cannot reveal the presence of tryptophan residues. Therefore, the absence of tryptophan from peptide TP3 of strain trpA21 ICRPR3 was shown separately. Peptide maps of tryptic digests of carboxymethylated A protein of this strain did not contain any peptides which gave a positive color reaction for tryptophan with Ehrlich's reagent or which fluoresced when illuminated with UV. Controls, consisting of similar concentrations of L-tryptophan (approximately 20 umoles) applied as a single spot to the peptide map, were positive with both methods of tryptophan detection. As will be discussed, the amino acid changes in the A protein of trpA21 ICRPR3, the loss of serine and alanine residues, and the gain of a cysteine residue can be accounted for by the deletion of a total of three nucleotides from the A gene as a result of two mutational events.
Strain trpA21 ICRFR7 is a full revertant obtained by mutagenesis of strain trpA21 with ICR191-A. Peptide TP3 from this strain moved identically to the wild-type peptide on peptide maps and, as shown in Table 3 , it has an amino acid composition identical to that of the wildtype peptide. This result also can be accounted for by assuming that ICR191-A caused a frameshift mutation. Furthermore, as will be discussed, the results obtained with both revertants of trpA21 place some restrictions on the ICRl91-A- VOL. 96, 1968 induced nucleotide additions and deletions in these strains.
Amino acid changes in a revertant of mutant trpA540. Mutant trpA540 is a CRM-mutant obtained after ICRI91-A treatment of the wildtype strain. This mutant yielded a class of spontaneous partial revertants (Table 2 ) from which the A proteins could be isolated. Since deletion mapping experiments suggested that the genetic change in mutant trpA540 was located in the region of the A gene corresponding to peptide TP3, this peptide was isolated from the A protein of one of the spontaneous revertants. Table 4 shows the amino acid composition of peptide TP3 from the A protein of the partial revertant trpA540 PRS. The analyses indicate a loss of two residues that are adjacent in the wild-type peptide, proline and aspartic acid, and the gain of a histidine residue. For further study, peptide TP3 from trpA540 PRS was isolated by column chromatography on Dowex 1-X2 resin and digested with chymotrypsin. The chymotropytic peptides derived from peptide TP3 were also isolated by column chromatography on Dowex 1-X2 resin. Table 4 presents the amino acid composition of the isolated chymotryptic fragments. Chymotryptic digests of the wild-type peptide TP3 yields three peptide fragments, the tetrapeptide TP3-C3 (residues 199 to 202), peptide TP3-C1 (residues 203 to 211), and peptide TP3-C2 (residues 212 to 220). In contrast, TP3 from trpA540 PRS yields four chymotryptic fragments. Two of these chymotryptic peptides are identical to the wildtype peptides containing residues 199 to 202 (TP3-C3) and 203 to 211 (TP3-C1). The remaining two peptides (TP3-C2A and TP3-C2B) appear to be derived from TP3-C2 (residues 212 to 220) and probably result from chymotryptic activity on the carboxyl side of the new histidine residue. The analyses of the new peptide fragments indicate the loss of proline and aspartic acid residues (present at positions 216 and 217 in the wild-type protein) and their replacement by a single histidine residue. The possibility that tryptophan had been introduced was ruled out by showing that purified peptide TP3 from trpA540 PRS did not stain for tryptophan with Ehrlich's reagent and did not fluoresce under UV illumination.
An ICR191-A-induced full revertant, trpA540 ICRFRI, was also studied. In this case, peptide TP3-C2 was isolated from a peptide map of a trypsin plus chymotrypsin digest of the purified A protein. The peptide was found at a position identical to that of the peptide obtained from the wild type and gave an amino acid analysis identical to that of wild-type peptide TP3-C2 (Table  4) .
As will be discussed, the amino acid changes in these strains are best explained by assuming that mutant trpA540 and its revertants resulted from frameshift mutations.
UV reversion of frameshift mutants. Mutant Fig. 2 .
From some of the codon assignments of Nirenberg et al. (9) a Cells were grown overnight in L broth, washed, and suspended in saline. Total cell counts were obtained by plating on minimal agar containing tryptophan. Revertants were obtained by plating on minimal plates lacking tryptophan. The average survival was 18% after 20 sec of UV and 7% after 30 sec of UV. The number in parentheses is the total number of revertant colonies observed.
deletion and that restoration of the wild-type reading frame arose from a two-base deletion or a single base deletion, as suggested in Fig. 3 Again, depending on whether trpA540 contains a single or double base deletion, ICR191-A-induced reversion to the wild-type composition in strain trpA540 ICRFRJ must result from either a single or double base addition. Although it is not possible to determine which specific combination of frameshift mutations produced the revertants of trpA540, all combinations require that ICR191-A induce both additions and deletions of at least one nucleotide pair.
From our studies of ICRl91-A-induced reversion of missense mutants trpA46 and trpA23, it sion by ICRI91-A and ICR364-OH (3- 
